Introduction
1,4-Dihydropyridines and polyhydroquinolines are important classes of bioactive molecules and heterocyclic scaffolds in pharmaceutical research.
1,2 For instance, nifedipine, nicardipine, amlodipine and felodipine, as well-known calcium antagonists, are oen used for the treatment of angina pectoris and hypertension as well. 3 Moreover, the 1,4-dihydropyridine and polyhydroquinoline derivatives possess many other therapeutic and pharmacological properties such as antitumor, 4 antitubercular, 5 antidiabetic, 6 antibacterial, 7 potassiumchannel opening, 8 acetylcholinesterase inhibition and neuroprotective agent. 9, 10 Additionally, these compounds could effectively behave as organic hydride donors for asymmetric transfer hydrogenation.
11 Thus, the synthesis of 1,4-dihydropyridine and polyhydroquinoline derivatives is an interesting research challenge to synthetic chemists. A valuable method for the synthesis of 1,4-dihydropyridines was initially established by Arthur Hantzsch in 1881 via a multicomponent reaction of aldehydes with ethyl acetoacetate and ammonia. 12 Subsequently, a variety of improved methods for the synthesis of polyhydroquinolines, using metal triates, 24, 25 have been reported. However, these procedures suffer from one or more drawbacks in terms of using volatile organic solvents, long reaction time, low yields, tedious product separation and catalyst recycling. To overcome these limitations, some attractive heterogeneous catalysts such as In-SiO 2 , 26 cellulose supported sulfamic acid, 27 ILOS@Fe/ TSPP, 28 34, 35 are applied in this regard. Although these reported methods show respective advantages and provide better improvements for the synthesis of the target molecules, there is still scope for improvement, particularly towards developing a milder and cleaner protocol without using precious metals and organic solvents.
On the other hand, due to undetectable vapor pressure, high thermal stability, excellent solubility and catalytic activity, ionic liquids (ILs) have attracted considerable attention as green reaction media or catalysts. 36, 37 Despite of their widespread use in organic reactions, some drawbacks, for instance difficult product separation and catalyst recovery due to their high viscosity, and use of large amounts of ILs in biphasic systems, still exist yet. More recently, a concept of nanoconned ionic liquids has been proposed, 38 which combines the benets of nano-supports and ILs, such as minimizing the dosage of ILs, high designability and excellent activity. However, nanoparticles are difficult to separate by ltration and expensive ultracentrifugation is the main way to separate the product and catalyst. This limitation can be overcame by using magnetic nanoparticles (MNPs), which can be simply recovered from the reaction mixture by magnetic separation. 39 A variety of magnetically retrievable catalysts have been employed in a range of organic transformations, [40] [41] [42] and some immobilization processes for functional ILs on MNPs supports have been developed.
43-45
In order to explore a new protocol for the synthesis of polyhydroquinolines and continue our investigations on the recoverable catalysts for organic transformations, [46] [47] [48] [49] [50] herein, we demonstrated a novel silica coated nano-Fe 3 O 4 supported basic ionic liquid (BIL@MNP) and its application as a robust and magnetically recoverable catalyst for the one-pot synthesis of polyhydroquinolines via the unsymmetrical Hantzsch reaction. Interestingly, this novel catalyst could act as an efficient and reusable catalyst for Knoevenagel condensation under solventfree conditions as well (Scheme 1).
Results and discussion
The magnetic nanoparticle supported basic ionic liquid catalyst (BIL@MNP) was prepared following the procedure shown in Scheme 2. N-(2-Chloroethyl)piperidine was rstly treated with imidazole to give 1-(2-(1H-imidazol-1-yl)ethyl)piperidine 1 under basic conditions. Then, a quaternization of (3-chloropropyl)triethoxysilane and the compound 1 afforded the precursor ionic liquid 2 (BIL). Ultimately, a suspension of SiO 2 @Fe 3 O 4 with a chloroform solution of the BIL was reuxed for 36 h to undergo a condensation reaction, which provided the desired catalyst 3 (BIL@MNP).
In order to conrm the successful functionalization of MNPs, FT-IR was employed to give a detailed investigation of the SiO 2 @Fe 3 O 4 , BIL, and BIL@MNP (Fig. 1) (Fig. 3a) .
The stability of the BIL@MNP was determined by the thermogravimetric analysis (Fig. 4) . The TG curve indicates an initial weight loss of 1.0% up to 150 C due to the adsorbed water in support. Complete loss of the supported IL was found in the temperature range from 200 C to 500 C, and the amount of organic structure was about 17.3% against the total solid catalyst. Meanwhile, the DTG curve shows that the decomposition of ionic moiety mainly occured in one step from 250 C to 450 C, which is related to main weight loss of 14.8%. And the peak in the DTG curve shows the fastest loss of the IL occured at 365 C. Therefore, the BIL@MNP is stable below about 200 C.
The magnetic property of BIL@MNP was evaluated using vibrating sample magnetometer (VSM) at room temperature. The VSM magnetization curve goes through the zero point (Fig. 5) . The phenomenon of no magnetic hysteresis indicates that the as-prepared catalyst is superparamagnetic. As a result, BIL@MNP can be simply separated from the reaction mixture using an external magnet.
To investigate the catalytic activity of the newly designed catalyst, it was initially tested for the one-pot synthesis of polyhydroquinolines. The four-component condensation of benzaldehyde (1 mmol), dimedone (1 mmol), ethyl acetoacetate (1 mmol) and ammonium acetate (1 mmol), as a model reaction, was rstly performed in the presence of BIL@MNP (1.0 mol%) for 30 min at 70 C under solvent-free conditions. And the corresponding product was obtained in 60% yield. Encouraged by this result, we increased gradually the amount of catalyst from 0 to 3.0 mol% ( Table 1 , entries 1-6). In the absence of BIL@MNP, only a small amount of product was detected, whereas the yield was improved as the amount of BIL@MNP increased from 0 to 2.5 mol% and became almost steady when the amount of catalyst was further increased beyond this. The inuence of reaction temperature was also investigated (Table  1 , entries 7-9), which indicated that lower temperatures (50-60 C) decelerated the reaction rate and led to lower yields and no obvious improvement was achieved by the elevated temperature (80 C). Hence, the best result was obtained in the presence of 2.5 mol% of BIL@MNP at 70 C (Table 1 , entry 5). In order to
show the unique role of BIL@MNP, some control experiments in the presence of the SiO 2 @Fe 3 O 4 (blank support), BIL (unsupported ionic liquid) and triethylamine (traditional tertiary amine) were further carried out and they could also afford moderate to good yields under the same conditions (Table 1 , entries 10-12). However, they were obviously inferior to the BIL@MNP. These results indicated that the high catalytic activity of BIL@MNP for the one-pot synthesis of polyhydroquinolines could be attributed to the synergistic interaction between the surface silanol groups of nano-support and ionic liquid moieties. The generality of this method for the four-component condensation of structurally diverse aldehydes, dimedone, ethyl acetoacetate and ammonium acetate under the optimized conditions was then investigated and the results are shown in Table 2 . The aromatic aldehydes bearing either electronwithdrawing or electron-donating groups ( Table 2 , entries 1-13) were converted to the corresponding polyhydroquinolines in good to excellent yields (84-93%). Interestingly, heteroaromatic aldehydes such as thiophene-2-carbaldehyde and furan-2-carbaldehyde ( Table 2 , entries 14 and 15) also underwent these transformations well to afford the target products in excellent yields (86-90%). Furthermore, the aliphatic aldehyde, which is a usually less reactive substrate, 28 was smoothly converted to the corresponding product as well (Table 2, entry 16 ). These results demonstrate that the designed catalyst BIL@MNP showed an excellent performance for the one-pot synthesis of polyhydroquinolines.
In order to evaluate the merit of the method for the synthesis of polyhydroquinolines, we compared the efficiency of BIL@MNP with some recently reported catalysts for the one-pot four-component synthesis of 4a. As shown in Table 3 , BIL@MNP showed a better activity in terms of no precious metals, organic solvents or additional irradiation.
A plausible mechanism for the synthesis of polyhydroquinolines catalyzed by BIL@MNP is proposed in Scheme 3. Initially, the enol form of dimedone performs a nucleophilic addition to the activated aldehyde to provide the corresponding Knoevenagel adduct I, assisted by the synergistic interaction between the surface silanol and piperidine sites of BIL@MNP. On the other hand, the b-ketoester reacts with ammonium acetate to afford the enamine intermediate II in the presence of BIL@MNP as well. Then, the Michael addition reaction between these two intermediates generates the intermediate III, which is also promoted by BIL@MNP. Finally, the target products are formed via an intramolecular cyclization and elimination of H 2 O. The recovery and reuse of catalysts is highly preferable for a sustainable process. Hence, the reusability of BIL@MNP was evaluated by the reaction of benzaldehyde, dimedone, ethyl acetoacetate, and ammonium acetate under the optimized conditions. Upon completion of the reaction, ethyl acetate was added and the catalyst was simply separated by an external magnet and washed with ethyl acetate, and reused for subsequent cycles aer drying under vacuum. As depicted in Fig. 6 , the catalyst could be reused six times without any signicant loss of catalytic activity. The recovered catalyst aer six runs had no obvious change in structure, referring to the FT-IR spectra in comparison with fresh one (Fig. 7) . And there was also no apparent change in the morphology and size by a TEM observation of the recovered catalyst (Fig. 3b) . These results revealed that the catalyst was very stable and could endure the reaction conditions.
Moreover, a hot ltration experiment was carried out to explore the catalyst leaching. The reaction of benzaldehyde (1 mmol), dimedone (1 mmol), ethyl acetoacetate (1 mmol) and ammonium acetate (1 mmol) catalyzed by BIL@MNP (2.5 mol%) was performed at 70 C under solvent-free conditions. When the reaction time reached 6 min, hot ethyl acetate (10 mL) was added and the BIL@MNP was eetly separated by magnetic force. The solution was averagely divided into two sections (S1 and S2). The product of S1 was obtained in 47% yield and neat S2 was reacted at 70 C for another 9 min to afford the product in 49%, which was similar to S1 and less than the normal (92%; Table 2 , entry 1). Thus these above results indicated that the leaching of BIL@MNP was negligible in the catalytic process. Besides the synthesis of polyhydroquinolines, such an environmentally benign catalyst might provide a wider application in traditional organic base catalyzed reactions, and we additionally extended the application scope of the catalytic system to the Knoevenagel condensation. The condensation of various aldehydes and ethyl cyanoacetate or malononitrile were investigated under the above-mentioned optimized conditions. The results are summarized in Table 4 . Aromatic aldehydes with electron-donating or electron-withdrawing groups, and even heteroaromatic aldehyde, underwent smoothly transformation in a short time (10-25 min) with good to excellent yields (86-98%). Moreover, the recyclability of BIL@MNP was also evaluated by the Knoevenagel condensation of 3-nitrobenzaldehyde and ethyl cyanoacetate and the yield remained almost constant in a test of six cycles (Table 4 , entry 3), which shows that the BIL@MNP still had an excellent recyclability in this traditional base-catalyzed reaction.
Conclusions
In conclusion, we have developed a novel silica coated nanoFe 3 O 4 supported basic ionic liquid (BIL@MNP) as a robust and magnetically recoverable catalyst for the one-pot synthesis of polyhydroquinolines via the unsymmetrical Hantzsch reaction. The notable advantages of this procedure are mild reaction conditions, short reaction time, high yields and no precious metals, organic solvents or additional irradiation, which makes it a better and more practical alternative to the existing methods. Moreover, the catalyst could be simply separated by an external magnet, avoiding the tedious recovery procedure via ltration or centrifugation, and reused without apparent loss of activity in the test of six cycles. Besides the synthesis of polyhydroquinolines, this novel catalyst has been applied as an efficient and reusable catalyst for Knoevenagel condensation under solvent-free conditions as well and the research of application in other base-catalyzed reactions is an ongoing project.
Experimental

General
Melting points were determined on a Perkin-Elmer differential scanning calorimeter and uncorrected.
1 H and 13 C nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AVANCE III spectrometer. The IR spectra were run on a Nicolet spectrometer (KBr). Elemental analysis was performed on Elementar Vario MICRO spectrometer. Mass spectra were obtained with an automated FININIGAN TSQ Advantage mass spectrometer. Thermogravimetric analysis was carried out under nitrogen using a Shimadzu TGA-50 spectrometer. X-Ray diffraction (XRD) images were obtained from a Bruker XRD D8 Advance instrument with Cu Ka radiation. The magnetization curve was obtained by a vibrating sample magnetometer (JDM-13T, China). Transmission electron microscope (TEM) images were obtained from a JEOL JEM-2010 instrument. All the solvents used were strictly dried according to standard operation and stored on 4A molecular sieves. All other chemicals (AR grade) were commercially available and used without further purication.
Preparation of the magnetic nanoparticle supported basic ionic liquid catalyst (BIL@MNP)
Synthesis of precursor 2 (BIL). Imidazole (7.5 g, 110 mmol) was melted at 100 C and then NaOH (4.0 g, 100 mmol) was added with stirring for 30 min. A light yellow solid was obtained aer removal of water under reduced pressure. Subsequently, 1-(2-chloroethyl)piperidine hydrochloride (9.2 g, 50 mmol) and acetonitrile (70 mL) was added. The mixture was stirred at 80 C for 10 h and then ltered. The ltrate was concentrated under reduced pressure, the obtained residue was dissolved in 100 mL of dichloromethane and extracted by water for several times to remove inorganic salts and excess of imidazole. Aer removal of solvent, 1-(2-(1H-imidazol-1-yl)ethyl)piperidine (1) Procedure for the synthesis of BIL@MNP. 1.0 g of SiO 2 @-Fe 3 O 4 nanoparticles were dispersed in 50 mL of chloroform by sonication. A chloroform solution of precursor 2 (1.0 g/50 mL) was then added, and the mixture was reuxed for two days under nitrogen. Aer being cooled to room temperature, the target product BIL@MNP was collected by a permanent magnet and rinsed thrice with chloroform (30 mL), and then dried under vacuum overnight.
General procedure for the synthesis of polyhydroquinolines
A mixture of aldehyde (1 mmol), dimedone (1 mmol), ethyl acetoacetate (1 mmol), ammonium acetate (1 mmol) and BIL@MNP (70 mg) was stirred at 70 C in an oil bath for a certain time, as indicated by TLC for a complete reaction. Ethyl acetate was added and the catalyst was separated magnetically from the product solution, washed with ethyl acetate, and dried under vacuum. Pure polyhydroquinolines were afforded by evaporation of the solvent followed by recrystallization from the ethanol-water mixture. All products were characterized by spectral data and compared with their physical data given in the literature. 
General procedure for Knoevenagel condensation
A mixture of aromatic aldehyde (1 mmol), activated methylene compounds (1.1 mmol), and BIL@MNP (70 mg) was stirred at 70 C in an oil bath for a certain time, as indicated by TLC for a complete reaction. Ethyl acetate was added and the catalyst was separated magnetically from the product solution, washed with ethyl acetate, and dried under vacuum. The pure nal products were afforded by evaporation of the solvent followed by recrystallization from the ethanol-water mixture. All products were characterized by spectral data and compared with their physical data given in the literature.
Selected data for typical compounds
Ethyl (E)-2-cyano-3-phenylacrylate (5a). 
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